A new organic-inorganic hybrid material, which shows photo-induced reduction of refractive index as well as volume contraction, is prepared using a sol-gel method. This material is coated on a Si substrate by spin-coating to manufacture film. After irradiated by ultraviolet (UV) light with a deuterium lamp for 5 h, the thickness of film decreases largely by 55%, and the refractive index of film changes from 1.484 to 1.445 at 550 nm. The film's optical thickness exhibits an exponential change with the increasing irradiation time. Futhermore, the photo-patternning of the organic-inorganic hybrid film without any further process (wet etching and thermal curing) is performed utilizing the volume contraction on UV-light irradiation. This film has potential applications for fabrication of patterned filter array and apodizing filter by direct light writing, and also demonstrates good temperature stability and immunity to visible light exposure.
Over the past several decades, there is a growing concern in the use of photosensitive materials for a wide range of applications in optics including diffractive optical elements, optical recording, and antireflective coatings [1−5] . In 2005, a thought about laser trimming of thin film filters was put forward [6] . The use of photosensitive materials for manufacturing various functional optical filters would be a very attractive way for enabling the post trimming of such devices with the help of a light beam. It could not only correct some material deposition errors accurately to improve the production efficiency, but also create entirely new filtering devices with controlled spatial properties, such as apodizing filter and linear variable filters [7] . The choice of a photosensitive material as a part of an optical filter should take into account a lot of constraints [6] , including small losses at design wavelength, mature film-forming process, long-term stability of the film's photo-induced changes, immunity to the visible light exposure, and large optical thickness change through the light process.
In this letter, a photosensitive organic-inorganic hybrid material which well meets the above-mentioned requirements has been prepared using a sol-gel method. This hybrid material shows a photo-induced reduction of refractive index as well as large volume contraction upon the ultraviolet (UV) light (190 -280 nm) irradiation. Long-term stability of photo-induced changes and direct photo-patternning utilizing the volume contraction on light irradiation demonstrate that this material could be used to manufacture various reliable functional optical filters.
Fluorinated hybrid materials were synthesized by the use of 3-methacryloxy-propyl-trimethoxy silane (MPTS, Aldrich) and perfluorodecyl-trimethoxy silane (PFTS, Alfa Aesar) as precursors. MPTS and PFTS (3:1 in molar ratio) were mixed with distilled water in the presence of 0.01 N (normal concentration) hydrochloric acid (HCl), which acted as a catalyst for the sol-gel reaction. The solution was put into a water vapor-proof container, which was immersed in the hot silicone oil to maintain the heating temperature. After stirring the solution for 24 h at 70
• C, a totally transparent solution was obtained. The solution was then left to stand for 30 min to remove gas bubbles resulting from the stirring. A single layer was deposited on Si substrate by a spin-coating method. As the refractive index of this hybrid material is close to that of glass substrate (1.52), and there is a better filmforming quality on Si substrate for this material, Si(100) substrate has been chosen for our experiment, which has a high refractive index. The spin speed was 500 rpm (round per minute) for 5 s and 3000 rpm for 30 s, respectively. The as-deposited film was first pre-baked for 1 min at 80
• C in order to improve the adhesion between the film and a native SiO 2 layer on the Si substrate [8] . After pre-baking, the film was then cured thermally for 12 h at 150
• C. Fluorinated hybrid materials are generally photosensitive to the UV light exposure around 190 -280 nm [9] . Thus, the as-deposited film was irradiated by a deuterium arc lamp which provided a radiation with a spectrum of 190 -400 nm. During the UV irradiation, the spectral reflectance of the film was measured by a reflectivity spectrometer (USPM-RU, Olympus). The time interval for each measurement increased from 5 to 30 min with the augmented exposure time. The 100-µm probing beam size of Φ is selected and the measurable spectral range is from 380 to 780 nm with a resolution of 1 nm. Based on the experimental reflectance curves, the refractive index n and physical thickness d are determined by the spectral curve fitting method with a global optimization algorithm [10] . In the fitting process, the film's refractive index and extinction coefficient R are presumed by Cauchy dispersion model as
The optical constants (refractive index and extinction coefficient) of Si substrate are taken from Ref. [11] . The photometric method is widely used to characterize optical thin films with a relative high accuracy. In order to localize the probing area of the film accurately, a shadow mask with a small pinhole (Φ = 0.5 mm) was tightly attached onto the film surface. With this method, we could ensure that the same point is measured after each irradiation. It should be noticed that the temperature on the film was about 45
• C during the UV irradiation. The film's temperature stability had been investigated at temperature range from 25 to 140
• C in dark environment. The film was also exposed in natural light to study the influence of the film on the visible light. Figure 1 shows the reflectance of bare Si substrate and monolayer film, which has been irradiated by UV light for different exposure times. In order to see more clearly, six curves are displayed in Fig. 1 . As the exposure time increases, the reflectance curve is observed to shift gradually towards shorter wavelength. It indicates a negative photo-induced index change with increasing exposure time. It is confirmed that this material shows a rapid sensitivity to UV exposure. It can be also seen from Fig. 1 that the peak reflectances of the film at the half-wave points match those of bare Si substrate very well. It means the non-homogeneity of the film when the exposure could be ignored.
We obtained the optical constants of the film by fitting the reflectance curves. Figure 2(a) shows the refractive index and thickness of the film as functions of the exposure time of the deuterium lamp. The refractive index decreases from 1.484 to 1.445 at 550 nm as the UV fluence increasing. During the early stage of irradiation, the refractive index declines with a slight oscillation which is caused by measurement errors. Because the spectral refrectance curve fitting method is sensitive to the optical thickness of the film, it is difficult to distinguish a small variation of refractive index from the variation of optical thickness. After exposed for enough time, the refractive index declines rapidly until gradually saturated. Also, the film thickness decreases exponentially from 510.7 to 233.4 nm with the cumulated UV fluence.
Significantly, the film's optical thickness shows an exponential change from 758.0 to 337.4 nm by 55.4% with the irradiation time, as shown in Fig. 2(b) . It provides us with the meaningful possibility of controlling this film's optical thickness accurately by adjusting exposure time. Therefore, this material has potential applications to manufacture thin film components by light trimming and fabricate some special thin film devices such as linear variable filter and apodizing filter.
Photoinduced structural changes in this hybrid sol-gel material had been analyzed to explain the photosensitivity of the film. As shown in Fig. 3 , during the sol-gel reaction, the two precursors hydrolyze, condense and finally comprise an organic-inorganic hybrid material which is composed of an inorganic Si-O-Si main chain and functional organic perfluoroalkyl and methacryl groups. These functional organic groups are covalently bonded to the inorganic Si-O-Si network to modify the silica network [12] . When the film is irradiated by UV light with the deuterium lamp, methacryl groups will undergo a photoinduced decomposition resulting from the absorption of UV light in 190 -280 nm region by the carbonyl group of poly(methyl methacrylate) [9] . Methacrylates are decomposed into small gas molecules such as CO 2 and CH 4 , which diffuse out from the network. The refractive index change ∆n of a material is given by the Lorenz-Lorentz equation [13] as
where ∆∂/∂ and ∆ρ/ρ are the relative changes in material polarizability and density, respectively. The density of material before UV irradiation is 1.185 g/ml. On the assumption that the methacryl groups decompose completely after sufficient UV irradiation, the density of material would be 1.24 g/ml estimated by MPTS's molecular weight change. In the case of the methacryl groups decompose completely, the ultimate refractive index of the material would approach that of PFTS (n = 1.342 at 550 nm, Alfa Aesar). Whereas refractive index reduction calculated from Eq. (3) with the density change is about 0.013, which is much smaller than the expected value of ultimate refractive index change (0.142 = 1.484 -1.342). Therefore, the impact of density change to the refractive index change is not significant in this hybrid material. On the other hand, carbonyl groups are very polar and hence result in high refractive indices of materials generally [14] . These carbonyl groups are removed with the decomposition of methacryl groups in the hybrid material on UV irradiation. Consequently, the polarizability reduction by the removal of carbonyl groups contributes dominantly to the decrease in refractive index upon the UV light exposure. Meanwhile, the other functional group perfluoroalkyl is immune to UV light, so all the functional groups in the Si-O-Si networks would not decompose completely. On UV irradiation, the inorganic Si-O-Si frameworks experience acute photoinduced condensation reactions when the siloxane bond angles decrease [15, 16] . Therefore the film's thickness decreases largely owing to the shrinkage of the inorganic network. To summarize, the decomposition of methacryl groups causes the reduction of refractive index on UV irradiation while photoinduced densification in the inorganic framework causes the concurrent decrease of the film's thickness.
Because of the large photo induced decrease of the film's thickness, this hybrid material is photopatternable. A mask for the exposure was made based on a fused silica substrate which has a high transparency in the UV region. A chromium film with a thickness of 100 nm was first deposited on the substrate. Then, the pattern was transferred on it by a standard microfabrication processes, i.e., ligthography and wet etching of Cr film. The mask was attached onto a film's surface, and then the film was directly irradiated by UV light for 2 h. After that, due to the photo induced change of physical thickness, a pattern on the surface was formed without any further processes, e.g., wet etching and thermal curing. Figure 4 shows a magnified view of the exposed pattern in the hybrid material film which is taken by an optical microscope. The linewidth of letters is about 65 µm and the image almost perfectly reproduces the shape of the mask. Consequently, more complicated and precise masks could be designed and manufactured to produce various spatial optical filters based on this material.
The long-term stability of the film's photoinduced changes is very important for the future applications. The temperature stability of a film which has been irradiated for 2 h by UV light was measured. We heated the film at different temperatures for 1 h in dark environment and let it cool down naturally. The reflectance curves and optical thicknesses of the film at each temperature are measured, as shown in Fig. 5 .
In Fig. 5(b) , the film exhibits high temperature stability (with a variation of less than 0.8%) at the temperature of less than 100
• C. Therefore the film is suitable for general applications which usually work at room temperatures. When it approached to the annealing temperature of 150
• C, the film's thickness decreased as expected. The film was also exposed to the daylight for 24 h. The measurement result shows that the film is well immune to the visible light exposure. It means that the film is only photosensitive to UV light and stable for the visible light illumination.
In conclusion, the reduction in refractive index and thickness occurrs upon UV-light irradiation in the photosensitive organic-inorganic hybrid material. The decomposition of methacryl groups causes the reduction of refractive index on UV irradiation while the photoinduced densification in the inorganic framework causes the concurrent decrease of film's thickness. The thickness of film decreases largely from 510.7 to 233.4 nm by 55%, and the refractive index of film changes from 1.484 to 1.445 at 550 nm. More meaningfully, the film's optical thickness shows an exponential change with the increasing irradiation time. Thus, we can precisely control of the film's thickness. Furthermore, this film has potential applications for fabrication of patterned filter array and apodizing filter by direct light writing without any further process. Finally, this film has the fairly good long-term stability of photoinduced changes.
